Recent progress in available beam power and beam quality has meant that high power diode lasers (HPDL) may soon become prime tools for welding in many assembly applications in industrial production. Their compact size and low weight makes them particularly suitable for use in conjunction with robotic control. The advantages of laser welding over conventional welding techniques include more reproducible welds, smaller heat affected zones and lower distortion at high welding speeds. The implementation of diode laser systems will require an understanding of the effect of operating parameters on weld performance. This paper reports on the characteristics of diode-laser spot and seam welds in low carbon steel sheets. The size, shape, hardness, strength and microstructure of the welds have been measured and analysed as a function of parameters such as laser power, welding time and welding speed.
Introduction
Diode lasers have been around for some time, but their low power and poor beam quality has restricted their use to applications such as pumping solid state lasers, soldering small components, welding plastics, brazing and surface treatments (hardening and cladding). 1, 2, 3 The technology has now advanced to such an extent that it is possible to produce laser beams of sufficiently high power density to induce the melting and welding of sheet metal. Schubert et al. 4 demonstrated this using a 1.4 kW HPDL with a beam intensity of 1.1x10 4 W/cm 2 . As this intensity is much lower than that of conventional laser sources (typically 10 6 W/cm 2 ), the system at the time was capable only of conduction mode welding. Apart from demonstrating its use as a local heat source for the hardening of cast iron and the formation of coating layers 5 , it was possible to join sheets of aluminium and steel. 6, 7, 8 The laser beam melted the aluminium, so that it acted like a solder, and created a joint between the sheets at speeds of up to 0.85 m/min. Conduction mode welding was carried out on very thin metal sheets and at slow welding speeds: 0.8 mm thick sheet steel at 1m/min; 2 mm Al alloy sheet at 0.35 m/min; 3 mm Mg sheet at 0.4 m/min. 6 A 2 kW HPDL system has been developed by Jenoptik 9, 10 which has a beam diameter of 0.96 mm and intensity of 2.35x10 5 W/cm 2 . This system is capable of carrying out 'keyhole mode' welding and has successfully produced welds in Al, Ti and steel. 9 Abe et al . 10 used this diode laser system to investigate the effect of shielding gas flow rate and nozzle angle (with workpiece) on welding speed and penetration. They found that the penetration depth tended to increase slightly with increasing nozzle angle and was also sensitive to the gas flow rate. An optimum flow rate existed at which the penetration depth was maximised (2.3 mm with a 2 kW beam and a welding speed of 1 m/min). They were able to produce a full penetration butt weld in a 5 mm thick stainless steel plate at 0.24 m/min, which had a parallel sided bead shape and no defects, and carried out high speed welding of 1 mm thick mild steel plate at 4 m/min.
Rofin Sinar HPDL systems have beam intensities of up to 3.2x10 5 W/cm 2 and 2.5kW powers. With this, Gillner et al. 3 produced deep penetration welds in 3 mm and 6 mm steel sheet. Ng and Watson 11 used a 1.5 kW Rofin laser to compare the properties of butt welds in 1.5 mm thick, high carbon steel plate with those produced with a 1 kW CO 2 laser. The beam intensity of the HPDL system was only 2.1x10 4 W/cm 2 whilst that of the CO 2 laser was 1.3x10 5 W/cm 2 . Nevertheless, the size of the welds was similar in both cases, which they attributed to better optical coupling between the material and the diode laser light. The weld properties were investigated over a range of welding speeds from 0.48 to 0.66 m/min. The hardness increased and weld width decreased with welding speed. At speeds less than 0.6 m/min the diode laser welds had smaller widths and higher hardness values than the CO 2 laser weld, which is indicative of a higher cooling rate. The tensile strength of the CO 2 laser welds increased slightly with speed, whilst the strength of the diode laser weld was only slightly lower below 0.6 m/min and decreased further with welding speed to about half that of the CO 2 laser weld at 0.66 m/min. The poor strength of the diode laser welds at speeds above 0.6 m/min was attributed to centre-line cracks in the fusion zone.
All this work indicates that HPDL systems could become viable alternatives to resistance welding prevalent in a variety of industries. With this in mind, it was our aim to characterise the weld size, shape, imperfections, strength, hardness and microstructure, as a function of the laser operating parameters, of lap welds in low-carbon steel sheets. Both spot welds and short seam welds (stitch welds) have been investigated with a view to defining an optimum parameter space and to generate experimental data for an on-going project on the mathematical modelling of such welds. In this paper we use the weld fusion zone volume to estimate the energy transfer efficiency for seam welds and report on the hardness and strength measurements. Full details of the weld shape as a function of operating parameters will be published elsewhere.
Experimental details A 2.2 kW JOLD 1000 diode laser was used in these experiments. The laser beam, of diameter 1 mm, was focused onto the top surface of the workpiece at normal incidence with a 50 mm focal length lens. A series of laser spot welds were produced in 2 mm thick sheets of D52X low carbon steel using beam powers of 1.0, 1.4 and 2.23 kW and welding times of 0.15-2.65 s. (Note that these are not strictly welds since the spots were made in single sheets of steel.) Argon shielding gas was used in all cases. Lap joints were made by placing a stitch weld (short seam weld) at the centre of a 20 mm overlap of two steel sheets. The sheets were 40 mm by 110 mm rectangles, 0.77 mm thick and made of DC04 low carbon steel. Lap welds were produced both with and without the use of an Ar shielding gas, in order to study its effect. A range of different welding speeds (10-50 mm/s) and stitch lengths (5-20 mm) were investigated for laser powers of 1.4 and 2.26 kW. The chemical compositions of both materials are given in Table 1 . A Struers Accutom-5 machine was used to cut a vertical section through the spot welds and a transverse cross-section about half way along the length of the stitch welds. The sections were polished and etched in 2% nital and observed using two different microscopes. Low magnification 'dark field' images of the weld were obtained using a Heerbrugg Wild microscope. Higher magnification bright field images of the microstructure were obtained using a Leitz Laborlux 12 ME S optical microscope. The images were digitised and analysed using image processing software, enabling the weld dimensions and fusion zone volume or cross-sectional area to be measured. The hardness of the spot welds was measured using a Vickers Pyramid hardness tester and loads of 1 to 10 kg. The hardness of the seam welds were measured using a Mitutoyo MVK-H2 hardness testing machine with a 200g load. In general three measurement were made from the centre of the weld fusion zone; the mean value is reported in this paper. The tensile strength of the weld joints was measured and the peak load before yield recorded. Weld shape
Typical examples of the spot and stitch welds are shown in figure 1 . In general the welds were free of pores or cracks, apart from an occasional small pore, as indicated in the figure. Some cratering of the top surface was evident in the spot welds, indicative of material loss. The stitch welds, however, had a crater, involving material loss, only at one end of the weld. The welds produced without shielding gas tended to be more parallel sided, but had a smaller width and fusion zone volume. The gas plasma causes scattering of the laser beam but increases the fraction of incident laser power absorbed by the workpiece (see figure 2 ). 
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Energy transfer efficiency and melting efficiency
Two important parameters in all models of welding are the fraction of incident energy in the laser beam that is actually absorbed by the material and the amount subsequently used to melt the
the heat absorbed by the workpiece and the laser output power. The melting efficiency m is defined as the ratio of the energy used for melting the metal and the heat input . For seam welds the melting efficiency is given by Fuerschbach 12 as
, where v is the welding speed, q o is the laser output power, A is the cross-sectional area of the weld fusion zone and /K is the enthalpy of melting. A similar equation can be written for spot welds:
, where V is the volume of the fusion zone and t the welding time. Although the transfer efficiency is not known, the product m could be calculated from the fusion zone volume or area for each weld. These values are given in figure 2 for the various laser operating powers. The value of 10.4 J/mm 3 given for 1018 low-carbon steel in reference 12 for /K is used here. In general, a higher proportion of energy is used to melt the metal at higher laser powers; this is partly caused by changes in the energy transfer efficiency, which is known to increase with laser power. 12 Fuerschbach also measured the energy transfer efficiency of laser welds in several different materials and produced a material-independent model for the efficiency in terms of two dimensionless parameters. The equation is given here in the form:
liquidus temperature (taken to be 5.5 mm 2 /s, as for 1018 steel). The only unknown quantity in this equation is the energy transfer efficiency, which could therefore be estimated by fitting the equation to the data for stitch welds. However, as the transfer efficiency is dependent on the laser power and shielding gas, a fit was made for each laser power used (1.4 kW and 2.26 kW). The resulting values for the transfer efficiency are given in table 2. It should be noted that the difference between the values for the different laser powers is not significant due to the low number of data points. However, there is a significant difference between the energy transfer efficiencies obtained from welds produced with and without the use of a shielding gas. As expected from the smaller fusion zone volume of the welds produced without a shielding gas, the energy transfer efficiency is significantly lower when no shielding gas is used. A fit was also made to all the data points, irrespective of laser power used, to obtain mean values for the transfer efficiency with and without the use of shielding gas. These values are also given in table 2. They are almost identical to the values for a laser power of 2.26kW. The fit of equation 1 using these values are compared with the experimental data in figure 3 ; a satisfactory fit to the lower power data points is also obtained. 
Hardness
Another important parameter in all welding processes is the amount of energy put into a unit length of weld. Given the energy transfer efficiency, this quantity can be calculated from the incident laser power. The energy has to be dissipated as the weld cools; it therefore has a major effect on the cooling rate over the temperature range in which solid-state phase transformations occur in the steel. As a general principle, a smaller heat input leads to a larger cooling rate and harder microstructures. 13 The hardness of a weld is an important quality control parameter and there are often upper limits prescribed, usually on the basis of experience in service. Figure 4(a) shows that the 
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hardness correlates strongly with energy input per unit dimension. In the case of the spot weld, the latter refers to the spot diameter whereas in the stitch weld the dimension is a unit length of stitch. In both cases, the hardness increases as the incident energy per unit length decreases and hence the cooling rate increases. Figure 4 (b) compares the hardness dependence on the energy used for melting the fusion zone in the spot and stitch welds ( h Vδ or h vAδ respectively). For any given energy, the lowest hardness values, and presumably cooling rates, are obtained in stitch welds produced without the use of a shielding gas, whilst the highest hardness and cooling rates occur in the spot welds. A possible explanation for lower cooling rates in the welds without shielding gas, is that the Ar gas flow may be enhancing the cooling rate by removing heat from the surface of the workpiece. There are two reasons for the higher cooling rates in the spot welds. The first is that the geometry of a spot weld allows a more rapid dissipation of heat, which can flow in all radial directions. In the case of a stitch weld, however, the heat flows primarily normal to the welding direction. For a given heat input, the cooling rate is therefore expected to be faster for the spot weld, leading to harder microstructures. Figure 5 compares the microstructures of the fusion zone in a spot weld and a stitch weld. The energy used for melting the fusion zone was similar in both cases (38.3 and 39.4 J/mm), however the microstructure of the stitch weld shows a mixture of allotriomorphic and Widmanstätten ferrite, whereas that of the spot welds also contains bainite and martensite, which is indicative of a faster cooling rate in the spot welds.
A further reason for the greater hardness of the spot welds results from the significantly larger manganese and carbon concentrations of the steel D52X when compared with steel DC04. Figure  6 shows the time-temperature-transformation diagrams for the two alloys, calculated using the method described in reference 14. In each case, the upper 'C' curve represents the onset of reconstructive transformations such as allotriomorphic ferrite and pearlite, whereas the lower 'C' curve is for the onset of displacive transformations such as Widmanstätten ferrite and bainite. The horizontal line at the lowest temperature represents the onset of martensitic transformation. It is apparent from these curves that softer microstructures (forming at higher temperatures) are expected in steel DC04. It is particularly pertinent to note that the carbon concentration of DC04 is close to its solubility in ferrite. All of the high temperature transformations which involve the diffusion of carbon can become extremely rapid in such circumstances. 15 These results clearly indicate that the steel chemical composition must be taken into account in assessing the new welding processes. It may even be necessary to undertake a sensitivity analysis to cover the range of chemical compositions that fall within the specification of the component manufacturer. Weld Strength Shear tensile testing was carried out on a number of lap joints similar to those analysed above. The maximum load before shear varied from 1.0 to 6.8 kN. The most important determining factor appears to be the volume of the fusion zone. Figure 7(a) shows that, apart from one weld, the shear strength is directly proportional to the fusion zone volume (stitch length × crosssectional area). In order to help assess the viability of using these welds as a replacement for resistance spot welds, it is useful to compare these tensile shear strength values with the required minimum weld strength value of a resistance spot weld in metal sheets of similar thickness. The width of the fusion zone at the interface between the metal sheets (faying surfaces) was used to calculate the required bead length. All these values, along with the welding parameters, are given in table 4. In some welds the width of the fusion zone changed abruptly at the faying surfaces. In such cases the smaller value for the weld width was used. It should be noted that the width of many laser welds lie outside the range of values given by Wang (0.8-1.2 mm). The use of the equation 2 in these cases may be inaccurate. However, a plot of the measured tensile strength against the ratio of the actual bead length to Wang's recommended length, given in figure 7(b), show a reasonable correlation for all data points. The best set of data (full penetration welds, with widths of between 0.8 and 1.2 mm) are shown as solid black squares. The remaining data points correspond to welds with partial penetration or with widths which lie outside the range of values given by Wang. An important result from this graph is the value of 3.9 kN for the tensile strength when the weld length is equal to Wang's recommended value. This is greater than the minimum required value of 3.6 kN for a resistance spot weld. 
Summary and conclusions
A high power diode laser system was used to make lap joints in low carbon steel sheet by forming a short stitch weld. With suitable choice of parameters defect-free, full-penetration welds can be produced which have similar tensile strengths to resistance spot welds. The energy transfer efficiency of the process was calculated using known models, giving values of 0.57 and 0.42 for welding with and without the use of an Ar shielding gas respectively. The former value agrees well with measured efficiencies of the CO 2 laser seam welding process, 12 which suggests that once a keyhole has been formed, the coupling between the laser light and the material is independent of wavelength. The energy transfer efficiency for spot welds could not be evaluated, but it was evident that a significantly lower proportion of the incident laser energy was used to produce the weld melt pool. This resulted in higher cooling rates and the formation of harder microstructural phases than in the stitch welds. In both stitch and spot welds, an increase in heat input per unit distance resulted in lower cooling rates and lower hardness values. The hardness was also shown to be very sensitive to the chemical composition of the steel. Future models for calculating the microstructure and hardness of the weld fusion zone will need to take into account both the chemical composition and the cooling rate. The tensile strength of the welds was found to be approximately proportional to the volume of the weld fusion zone. It was shown, however, that the most relevant dimensions were the weld length and the weld width at the faying surfaces; the calculations carried out by Wang for CO 2 laser welds proved a sound model for correlating these dimensions with the weld strength. Table 4 Laser lap weld parameters, weld fusion zone dimensions and maximum tensile load of the joint. When two values for the width are given, they relate to the width at the upper and lower faying surface.
